Basal and Tat-transactivated expression from the human immunodeficiency virus type 1 long terminal repeat in human placental trophoblast rules out promoter-enhancer activation as the partial block to viral replication
Vladimff Zachar, ~,2 Peter Ebbesen, 3 Robert A. Thomas, 1 Viera Zacharova 1 and Anton Scott Goustin ~* a Center for Molecular Biology, Wayne State University, 5047 Gullen Mall, Detroit, Michigan 48202, U.S.A., 2 Institute of Virology, Slovak Academy of Sciences, 831 O1 Bratislava, Slovakia and 3 Department of Virus and Cancer, Danish Cancer Society, Denmark We have analysed the capacity of the trophoblastderived malignant cell lines BeWo, JAR and JEG-3, and primary cultures of highly purified trophoblast cells to support the basal and Tat-mediated trans-activationenhanced transcriptional activity of two distinct human immunodeficiency virus type 1 (HIV-1) isolates. Kinetic studies based on expression of long terminal repeat (LTR)-chloramphenicol acetyltransferase (CAT) constructs revealed that LTRs of both the prototype strain 3B and the highly cytopathic Zairean variant NDK were activated significantly in all target cells. Overall, the strongest activation was observed in primary trophoblasts. A novel modification of quantitative PCR was used to normalize LTR expression for transfection efficiency, enabling the calculation of specific expression rates in terms of ~tU CAT enzyme per fmol oftransfected DNA. Using the latter criterion we determined that LTRs of both viruses were activated in decreasing order from trophoblasts to JAR, JEG-3 and BeWo cells; furthermore, the expression of HIV-1 3B LTR always significantly surpassed that of HIV-1 NDK. The effects of trans-activation on either of the LTRs, when assayed in cotransfection assays with various amounts of HIV-1 NDK-Tat expression vector, increased in a dosedependent fashion and were comparable in a particular neoplastic cell line. Furthermore, the cell-specific LTR activity patterns did not correspond to the abundance of transcription factors binding specifically to the viral NFxB and SP1 motifs. Unlike SPl-binding proteins which were relatively abundant, substantially smaller amounts of proteins with NF~cB specificity were found in all cells. Despite this apparent deficit in NFtcB activity, trophoblasts supported a high basal activity of both LTRs. These data indicate that an insufficiency of basal or Tat-trans-activated LTR activity cannot account for the low level of HIV-1 replication in this important cell type.
Study of the vertical spread of human immunodeficiency virus (HIV) from mother to infant has attracted more attention in recent years due to a rapidly expanding group of infected women of childbearing age (Vermund et al., 1992) . Recently, a substantial body of data has argued strongly for the possibility that HIV may be transmitted to the fetus in utero (Courgnaud et al., 1991 ; Jimenes et al., 1989; Papiernik et al., 1992; Mulder-Kampinga et al., 1993) . Previous reports provided evidence for the presence of virus-specific DNA sequences and/or core antigens in the villous trophoblast layer, resident macrophages of villous stroma (Hofbauer cells), and in fetal blood cells (Back6 et al., 1992; Chandwani et al., 1991 ; Lewis et al., 1990) . Recently, we have used PCR to demonstrate the presence of the HIV-1 provirus in purified trophoblasts isolated from term placenta delivered by HIV-l-seropositive mothers (Zachar et al., 1994) . These findings are suggestive of the route whereby the virus is propagated from the mother's blood across the placenta into the fetal circulation. In the context of this direction of viral spread, the villous syncytiotrophoblast-cytotrophoblast layer forming the maternal-fetal interface would be expected to play a critical role in modulating virus spread to the fetus. Recently, three different groups have used PCR to study possible HIV nucleotide sequence determinants common to viruses being transmitted to offspring (Wolinsky et al., 1992; Scarlatti et al., 1993; Mulder-Kampinga et al., 1993) . All three studies reveal a homogeneous population of HIV-1 in the fetus and early neonate as compared with the mother, suggestive of a certain degree of selectivity of the transmission event, possibly during the first or 3B LTR Overall nucleotide sequence identity is 89 % between the two LTR fragments used in the reporter constructs. When the nucleotide sequence of the NDK LTR is identical to the 3B LTR at a position, it is indicated by a dash (-); a base is identified in the NDK sequence only when it differs from the 3B LTR. No gaps are introduced in either sequence. The positions of NFKB and SP1 motifs are indicated by a bar above the 3B sequence. Numbering: + 1 is taken as the cap site nucleotide at the 5' end of the R region. The TATA box is indicated by double underlining; the R region is represented by bold typeface. Only one base pair difference is apparent in the SP1 and NF•B motifs between the two strains. However, upstream of the 5' NFKB motif, the sequences differ by 15 %; this upstream region of U3 harbours 88 % of the sequence differences between the two LTRs. The TAR element for the 3B strain (+ 18 to +41), interacting with the Tat trans-activator, is indicated in lower case beneath the NDK sequence; there is one nucleotide difference (C ~ U substitution) between the TAR elements of the two strains.
second trimester. Although this situation could arise simply through a founder effect (Mayr, 1942) , it might also arise as a consequence of a 'bottleneck' in the permissive host cell intermediate between mother and fetus, possibly the placental trophoblast. In the most recent of studies, the viral sequences of the fetus more closely resembled maternal viral species present at 3 to 5 months gestation, rather then the maternal sequences at 7 months to term (Mulder-Kampinga et al., 1993) , strongly suggestive of an in utero transmission event.
HIV can replicate in trophoblasts, but considerably less efficiently than in the more typical host cell of the T lymphocyte lineage (David et al., 1992; Douglas et al., 1991; Zachar et at., 1991a) ; therefore the trophoblast can be considered a permissive, but inefficient host system for this virus (Douglas & King, 1992) . The mechanisms underlying the poor replication of HIV-1 in trophoblast cells are not understood. Transfection of term trophoblast cells with HIV-1 infectious molecular clones results in a similar low level of virus replication, suggestive of a possible block at the level of HIV transcription (Zachar et al., 1991 a, b) . Our knowledge is, however, quite limited with respect to the viral and cellular determinants implicated in the control of HIV replication in trophoblast cells. In this report we measure the level of basal as well as Tat trans-activator-enhanced long terminal repeat (LTR) activity in primary trophoblast cells and trophoblastic cell lines. Our results suggest a sufficiency of basal LTR transcription, and a robust response to Tat-trans-activation, making it unlikely that the low level of HIV-1 replication in trophoblast cells would lie in a transcriptional level block.
For this purpose we used the malignant trophoblastic cell lines BeWo, JAR and JEG-3, and the primary cultures of highly purified term villous cytotrophoblasts (Zachar et al., 1991a; Douglas & King, 1989) . The trophoblast isolation procedure was rigorously monitored by a three-parameter flow cytometric analysis for cytokeratin, vimentin and macrophage marker CD68 and the preparations verified to be at least 99 % pure were used in all subsequent experiments. All cell cultures were maintained under the same conditions. To analyse the level of activation of HIV LTR in the above described host cells we used two reporter gene constructs based on chloramphenicol acetyltransferase (CAT) as a marker. We have used this reporter to reveal the level of LTR-directed transcription in transfected cells (Gorman et al., 1982) . The plasmids comprised the U3 and 81 bp of R regions of HIV-1 prototype 3B LTR (pBLHH) and of the highly cytopathic Zairean strain NDK LTR (Spire et al., 1989; pBLAA) in plasmid pBLCAT3 (Hirsch et al., 1990) . The sequences of both LTRs are shown in Presented are representative data from transfection experiments performed at least twice. Significance of difference between data samples was established using analysis of variance with P = 0.05 as a level of significance. The asterisks indicate a statistically significant difference (P < 0.05) between control plasmid and LTR-CAT constructs at the 135 min interval. restriction site for XbaI 21 bp downstream from the first nucleotide of the tat ORF. All DNAs were prepared in bulk quantities to make up single uniform stocks using ion-exchange chromatography (Qiagen), filtered (0.2 lam) to remove any DNA precipitates and checked for physical uniformity by agarose gel electrophoresis.
Transient transfections were accomplished using the lipofection procedure described previously (Felgner et al., 1987) . Choriocarcinoma cells were grown to reach 50 to 60 % confluence at the time of transfection; trophoblast cells were seeded 12 h before transfection at a density of 6x 10 s cells/cm 2. The individual cultures (10 cm ~) of each cell type were transfected in triplicate with either pBLAA or pBLHH plasmids (2"8 pg) alone, or cotransfected with 0.4, 0-8 and 1.6 lag of the Tat expression construct pSVTAT. The control pSVdTAT was added, when necessary, to make the total amount of transfected plasmid DNA up to 4.4 lag. Choriocarcinoma cell cultures were transfected for 18 h and trophoblast cultures for 12 h. After allowing 36 h for the expression of transfected DNAs, the cells were processed to derive a cytoplasmic fraction containing the CAT enzyme (Titus, 1991) . The nuclear fraction was recovered by centrifugation and saved for PCR analysis (see below). pBLAA-and pBLHH-transfected cultures of each particular cell type were assayed simultaneously. Normalizations between different cell types were done on the basis of transfection efficiencies as determined by quantitative PCR (below) and among the experimental replicates on the basis of protein concentration (BCAprotein assay; Pierce). Validity of standardization according to protein content was confirmed by quantification of transfected DNA. Reaction aliquots from CAT assays based on phase partition (Seed & Sheen, 1988) were processed in 45 min intervals. For calibration purposes, serial dilutions of a defined amount of CAT enzyme (10000 U/ml; Promega) were included in each assay set. Thus, standard enzyme activity could be used as a basis to convert relative CAT activities into universally comparable units. All experiments were performed at least twice, and yielded consonant results; representative data are presented.
To normalize reliably for the transfection efficiencies between distinct cell types we employed a quantitative PCR-based assay (Zachar et al., 1993) designed to amplify a 429 bp segment stretching from U3 to R segments of the LTRs of both the NDK and 3B strains of HIV-1. Sense and antisense primers (both 21-mers) were chosen to anneal to positions 85 to 105 and 513 to 493 of the NDK provirus (Spire et al., 1989) , respectively. Each amplification reaction contained a standard amount (0-25 ng) of reference plasmid construct pdAA7 having an internal deletion of 207 bp, to be coamplified as an internal standard in competition with the normal 429 bp amplification target. This construct was engineered first by subcloning the 0.5 kb HindlII-HindIII fragment of pBLAA into a derivative of cloning vector pGEM-3Z (Promega) which was deleted in its unique AvaI site. Next, the subcloned HIV-1 fragment was restricted with A vaI and after treatment with exonuclease Fig. 2. t Relative basal activities of LTR-CAT plasmids are expressed as a ratio of their basal activities to the activities of the control plasmid pBLCAT3.
Relative Tat trans-activated activities of LTR CAT plasmids are expressed as a ratio of their Tat trans-activated activities to their basal activities. The values were calculated as an average from cotransfections with 0.4, 0-8 and 1-6 gg of HIV-1 NDK Tat-expressing plasmid pSVTAT.
§ In indicated cells, the basal expression of both LTR~CAT plasmids was statistically significant (P < 0.05) in comparison with control plasmid pBLCAT3. q[ In indicated cells the basal activation of pBLHH was significantly higher (P < 0.05) than that of pBLAA. III, mung bean nuclease and T4 DNA polymerase, the deleted plasmid was religated according to standard protocols (Sambrook et aI., 1989) . Nuclear fractions were saved from the disrupted cells (see above), DNA was released (Kellogg & Kwok, 1990) , and all samples were diluted to yield equal concentrations of lysed cells. Calibration curves were constructed using purified plasmids pBLAA or pBLHH as standards; plasmids were diluted in lysates of untransfected cells adjusted to the same concentration as those in the transfected samples. After amplification and quantification (Zachar et al., 1993) , the transfection efficiencies for each culture were expressed as the number of plasmid DNA copies found per cell.
In the absence of Tat trans-activation, the LTRs derived from both the 3B and NDK strains were significantly activated (P < 0.05) in all cell cultures (Fig.  2) . However, trophoblast cells clearly supported the highest basal promoter activity (Fig. 2) , showing a 10.2fold (HIV-1 NDK) and 80.4-fold (HIV-1 3B) increase of LTR activity over the promoter-less control ( Table 1) . As seen in Table 1 , the basal activity of the LTR derived from HIV-1 3B was higher in all cell lines than that of the corresponding LTR derived from the NDK strain. This dominance was clear particularly in trophoblast cells; on average the HIV-1 3B LTR was 4.6-fold more active than that of HIV-1 NDK.
LTR-driven CAT gene expression was significantly enhanced by the tat gene product in a dose-dependent fashion ( Table 2 ). The highest levels of Tat transactivation were seen in cultured trophoblasts ( Fig. 2 and Table 2 ), in which CAT enzyme activities increased by approximately one order of magnitude over that in choriocarcinoma cell lines. To obtain a quantitative estimate of the relative increase of LTR activity as a result of Tat-mediated trans-activation, a ratio of mean Tat-enhanced LTR activity to LTR basal activity was introduced (Table 1) . These calculations demonstrated a vigorous response to trans-activation which depended on cell type, ranging from an average of 30-fold for the BeWo and JAR cell lines to 109-fold for the JEG-3 cell line. Interestingly, in BeWo cells which intrinsically supported LTR basal activity poorly, Tat trans-activation appeared as a mechanism efficiently restoring high transcriptional rates. Only minor HIV-1 strain differences between the level of Tat trans-activation were apparent for the choriocarcinoma cell lines. Unlike the continuous cell lines, the Tat trans-activator of HIV-1 In each cotransfection experiment, a total of 1-6 gg of cotransfected plasmid was added (pSVTAT or pSVdTAT; see text), with the difference made up using pSVdTAT. 'Basal' denotes the level of CAT activity resulting from transfection of only the appropriate LTR-CAT construct (plasmid pBLAA or pBLHH, with the NDK or 3B LTR fragments, respectively). Results are expressed as arithmetic mean + S.D. The asterisks indicate a statistically insignificant difference (P > 0.05) between transfection efficiency of pBLAA (empty bar) and pBLHH (hatched bar) in a given cell type. (b) Cytoplasmic lysates were equalized for transfected DNA and analysed in a quantitative CAT assay which employed a defined amount of CAT enzyme activity for standardization purposes, as described in the text. Specific LTR activities were then defined as activity expressed in standard units of CAT enzyme synthesized by a particular amount of expression plasmid found in a given culture. Results are expressed as arithmetic mean+s.D. Significance of difference between all data samples was established using analysis of variance with P = 0-05 as a level of significance. Asterisks indicate a statistically significant difference (P < 005) between specific LTR activation ofpBLAA (empty bar) and pBLHH (hatched bar) in a given cell type. There is also a statistically significant difference (P < 0.05) between specific LTR activation in trophoblast cells compared to any individual choriocarcinoma cell line (BeWo, In an effort to compare LTR activity adequately between individual cell types which may differ in the efficiency of transfection, we first defined the amounts of plasmid DNA that were successfully introduced into the cell nuclei. Quantitative interpolation from standard curves revealed that choriocarcinoma cell lines took up DNA with a similar efficiency resulting in 0-5 x 105 to 1-3 x 105 DNA copies per cell, whereas trophoblast cells took up approximately threefold higher amounts of DNA, ranging from 2.0 x 105 to 3.3 x 105 DNA copies per cell (Fig. 3a) . Not unexpectedly, we found no statistically significant difference but high correlation (X coefficient = 1.28; r = 0"99) in efficiency of transfection between the two LTR-containing plasmids. Furthermore, the specific basal activation of HIV-1 NDK and HIV-1 3B LTRs was expressed as a ratio of units of CAT enzyme to the amount of DNA taken up by each culture. As already indicated by kinetic assays, trophoblast cells supported activation of both LTRs still more than even the most active choriocarcinoma cell line (JAR); on average the HIV-1 3B and HIV-1 NDK LTRs were 8"5and 2.1-fold more active in trophoblast cells than in JAR cells (Fig. 3 b) . HIV-1 3B LTR was consistently expressed more highly (P < 0.05) than HIV-1 NDK LTR in all cells and this difference was most pronounced in trophoblast cells.
To understand the differences in basal activity of the HIV-1 LTRs in the transfectants, we assayed nuclei, by using the electrophoretic mobility shift assay, for the presence of SP1 and NFKB transcription factors known to be essential for LTR-directed transcriptional activity. Nuclear extracts from established cell lines, and from the purified trophoblast cells which were maintained in culture for 17 h, were prepared as described elsewhere (Hennighausen & Lubon, 1987) . The double-stranded oligonucleotides were designed to comprise the complete HIV-1 3 B-specific SP 1 (51 CGAGAGGGAGGCGTGGC CTGGGCGGGACTGGGGAGTGGCGA) and NFKB (51 CGAGAAGGGACTTTCCGCTGGGGACTTTCC AG) binding regions and to feature 4 base overhangs (5'-CGAG) to facilitate 32p-end-labelling using the Klenow enzyme (shown are the sequences of plus strands and the transcription factor binding sites are underlined).
(a)
BeWo JAR JEG-3 Troph. Nuclear extracts were equalized in protein concentration, and aliquots harbouring 90 ng of protein were reacted with a total activity of 104c.p.m. of labelled oligonucleotides in 0-25 x reaction buffer (Stratagene) and a total volume of 5 lal. The specificity of binding was monitored in parallel competition assays using a 200fold molar excess of unlabelled SP1 and NF~cB oligonucleotides and the unrelated double-stranded oligonucleotide (29-mer) derived from the polylinker region of pUC18. Protein-DNA complexes were resolved by non-denaturing electrophoresis in 5 % polyacrylamide gels, and the gels were dried and autoradiographed. Results obtained by the gel retardation electrophoresis showed that proteins specifically binding to the SP1 motif were detectable in all cell types although with varying abundances (Fig. 4a ). Nuclei of JAR and JEG-3 cells harboured the greatest amounts of SPl-specific transcription factor whereas the least amounts were detected in trophoblast cells. Compared to the relative abundance of SPl-specific profiles, protein complexes with the NF~cB motif were found in substantially lower amounts, requiring exposure times several times longer (Fig. 4 b) . Surprisingly, the trophoblast extracts displayed the lowest amount of NFKB-binding activity. All binding patterns remained unchanged when competition was attempted using the unrelated oligonucleotide in the concentration equal to that of the unlabelled specific oligonucleotides (data not shown).
The findings presented here further broaden the initial in vitro observations on the permissiveness of human trophoblast cells to HIV (David et al., 1992; Douglas et al., 1991; Zachar et al., 1991a; Amirhessami-Aghili & Spector, 1991) and suggest that HIV expression in trophoblasts is regulated in a differentiation-dependent fashion, in line with data provided by studies using other host cells (Fantini et al., 1991; Valentin et al., 1990; Zeichner et al., 1992) . Villous term trophoblast cells used in this study represent a terminally differentiated cell type with no proliferative capacity (Douglas & King, 1990) , whereas the choriocarcinoma cells are thought to represent a more primitive state of trophoblast differentiation, comparable to the more proliferative cytotrophoblast cells found in the first trimester placenta. Indeed, cultured trophoblasts exhibited distinctive properties in the parameters studied. In particular, this was mirrored by the fact that HIV-1 N D K and HIV-1 3B LTRs were two-to 42-fold and nine-to 81-fold more active, respectively, in trophoblast cells than in the cell lines (Fig. 3 b) and that the trophoblast cultures were more receptive to transfection on average by threefold, than those of the choriocarcinoma ceils (Fig. 3 a) .
Interaction of NF~cB and SP1 transcription factors with their specific binding sites in the HIV enhancerpromoter has been shown to play a central role in efficient induction of LTR-driven transcriptional activity (Parrott et al., 1991; Schreck et al., 1991) . Surprisingly, in trophoblast cells we have found markedly fewer transcription factors with specificity to SP1-and NFKBbinding motifs than in its less differentiated malignant counterparts (Fig. 4 ). Despite this apparent deficit of SP1-and NFKB-binding activity, the basal LTR transcriptional activity was significantly higher in trophoblast cells than in choriocarcinoma cells. This paradox might be explained by the presence of complementary positive regulatory factor(s) in cultured trophoblast ceils, or alternatively by the lack of inhibitory one(s). Proteins with such activities toward the HIV-1 LTR have been identified in various cells (Giacca et al., 1992; Maekawa et al., 1991; Smith & Greene, 1989; Yamamoto et al., 1991) . Clearly, cellular transcription factors play an important role in basal HIV promoter activity; however, the interaction of other distinct regulatory factors with the Tat protein is equally indispensable for efficient trans-activation (Barry et al., 1991; Kato et al., 1992) . Our kinetic studies with the Tat protein supplied to ceils from an expression plasmid suggest that both the choriocarcinoma lines and primary trophoblast cells express the functionally active cofactors supporting trans-activation. Furthermore, Tat trans-activation appeared in all these host cells to be as efficient as in lymphocytes and monocytes, the main target of HIV replication (Gartenhaus et aI., 1991) . The gel-shift experiments reported here suggest a low level of NFKB activity in term trophoblasts (Fig. 4b) . It is possible that this level could be augmented after infection, perhaps through the mechanism suggested by Rivibre et al. (1991) , in which the HIV-1 protease increases NFKB activity through the proteolytic activation of the 105K NFKB precursor. Whether such a mechanism could apply to the trophoblast case is certainly testable.
Compared to the HIV-1 NDK LTR, our data demonstrate a consistently higher activity of the HIV-1 3B LTR in all cell types examined; thus, it seems likely that a regulatory factor(s) conferring such a difference would be found to bind to the 5' half of the U3 region of the LTR, upstream from NFKB-binding sites. Nucleotide sequence variability between NDK and 3B strains is 15% in this region and these sequence differences account for most of the genetic diversity between the two LTRs (Fig. 1) . This conclusion is supported by data demonstrating that the LTR region -454 to -113 exerts a significant degree of transcriptional control in LTR constructs transfected into differentiated embryonal carcinoma cells (Zeichner et al., 1991) . The NDK and 3B constructs used here have also been transfected into COS cells, where no significant differences were seen between the two strains (Hirsch et al., 1990) . Thus, the trophoblast phenotype may bear a cell-specific assortment of transcription factors enabling preferential expression of distinct HIV variants. Possible implications of this are that genetic differences in the LTR region of HIV might influence replicative capacity of certain quasispecies in trophoblast cells. Such a role for the LTR in determination of the tissue-specific expression of distinct viral clones has recently been demonstrated (Corboy et al., 1992) . Implementation of more complex experimental models possibly including complete provirus would be necessary in order to dissect the contribution of the LTR in the overall replicative capacity of given strains in trophoblast cells.
In conclusion, our data demonstrate that the HIV-1 LTR is quite efficient in trophoblast cells and responds robustly to Tat trans-activation, findings that are puzzling in view of the relatively low rate of trophoblast infection in vivo (Jimenes et al., 1989; Back6 et al., 1992; Chandwani et al., 1991; Mattern et al., 1992) . The simplest explanation, then, for the suboptimal permissiveness of trophoblasts for virus replication (David et al., 1992; Douglas et al., 1991; Zachar et al., 1991a, c; Phillips & Tan, 1992;  A. S. Goustin, unpublished data) would involve a restriction at the level of viral entry or integration of viral DNA (Zachar et al., 1991b) rather than an insufficiency of basal or Tat trans-activated LTR activity. Deciphering the basis for the differences in LTR transcriptional activity, as exemplified by BeWo and trophoblast cells, is of importance to elucidate further the role of the placenta in vertical transmission of HIV.
